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ABSTRACT
Nitrite (NO)) CODCentratio- i8 aM .,per _ten of N poII.ted

Onondaga Lake, New York, ue documented for the April through
.October interval for a l~yr (1989-1998) period. IDpab of NO) from
a domestic wute treatmeDt fadlity (METRO) 88d tn"butaries (4) to
the lake ue quantified for four of the yean (1991-1994). 11ae NO)
coDuDtratio.. measured in OnoDdaga Lake (e.&-. 8DDu8I mwma in
tile range 200-1000 mg N m-') ue some of t~e MPest reported
for lakes aDd riven in the literature. 11aese levels represent severe
violations of toDdty staDdards. Annual average concentrations in the
METRO emBent ra8ged from 4U to 1097 mg N m-3. T1te METRO
load represented >90% of tbe total external NO) 1o8d to the lake.
A mech8nistic lAMS balance model for NO) aad NO. is developed
aad applied for the lake to mDtHy 0CCDnences, aDd quamury the
rates, of tbe first and second stages of nitrification. Nitrite is found
to behave in a nearly conservativ~ manner in the upper waten of the
lake over the April to July iatervaL The propessiye increases in
concentrations over this interval have been largely in response to
inpub fro.. METRO. Major deviations from conservative behavior
occurred for NO) in most ye.n over tbe Jaiy to Odober interval 85
a result of the irrepi8r operatioa of the two stages or the Ditrification
process. This has been muifested - large and abrupt cbanges in
NO:: conceutration ia the J8Iy to October iDterval. Potenti81 radon
respoDSible ror the observed dynamics in nitrification and the NO)
pool ue coasidered.

N ITRITE (NOi:) is an intermediate in the microbially
inediated processes of nitrification-an aerobic

process-and denitrification, which occurs mostly under
anoxic/anaerobic conditions (Sprent, 1987; Wetzel,
1983). These are the two dominant processes regulating
the formation and transformation of this fonn of N in
soils and surface waters (Mackemess and Keevil, 1991;
Wetzel, 1983). Though denitrification is not strictly lim-
ited to anoxic/anaerobic environments (Lloyd, 1993),
nitrification is the primary pathway regulating the cy-
cling of NOi in oxic surface waters such as the epilimnia
of lakes (Smith et at., 1995; Sprent, 1987; Wetzel, 1983).
Nitrite is fonned through oxidation of the ammonium
ion, primarily by Nitrosomonas species.

NHt + 1.5~ - 2H+ + H2O + NOi [1]

Nitrite is oxidized to nitrate (NO;-), primarily by Ni-
trobacter species.

NO;: + O.5az - NO; [2]

The first stage of nitrification (Eq. [1]) is usually the
rate-limiting step of the overall process (Klapwijk and
Snodgrass, 1982). Thus, NO;: is widely considered to be
a labile material in surface waters, and is usually found
in low concentrations (Meybeck, 1982; Wetzel, 1983).
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Lake concentrations have been reported to usually fall
in the range of 0 to 10 mg N m-3 (Wetzel, 1983).
Meybeck (1982) reported a worldwide average concen-
tration of 1 mg N m-J for unpoUuted rivers. Indeed,
measurements of NOz are often not included in water
quality surveillance programs. Rather, this form is com-
monly lumped with NO; in laboratory analysis and re-
ported as the sum of NO; + N~-. The implicit assump-
tion in such cases is that NO;: concentration is very low
compared with NO; concentration.

However, NO;: has been observed in relatively high
concentrations in a limited number of surface water
systems. These exceptions have reflected poUution in-
puts. Hutchinson (1957) indicated the occurrence of ap-
preciabJe NOi levels in surface waters was a manifesta-
tion of sewage contamination. Barica (1~) observed
very high concentrations of NO;: (600-1200 mg N m-3)
near the outfall of the Hamilton sewage treatment plant
in Hamilton Harbour, Lake Ontario; levels exceeded
50 mg N m-J through most of the harbor for much of
the 2O-mo period of measurements. Meybeck (1982)
reported concentrations of N~- in major contaminated
rivers of Switzerland in the range of 8 to 17 mg N m-3.
Smith et aI. (1995) documented NOi concentrations in
the major rivers entering Lough Neagh (Northern Ire-
land) that were frequently in the range of 100 to 150
mg N m-J. These levels were attributed largely to ag-
ricultural poUution, and were associated with direct in-
puts of NO'i (-40%) and internal production (-60%)
from the first stage of nitrification (Smith et al., 1995,
1997a). In both cases the maintenance of high concentra-
tions of NOi were attributed to the inhibition of the
second stage of nitrification (Eq. [2]) by high concentra-
tions of free ammonia (NH~ Barica, 1 m Smith et al.,
1995, 1997a).

The occurrence of high concentrations of NO;: is an
important water quality concern because this anion is
highly toxic to fish, causing hypoxia by the oxidation
of hemoglobin to methemoglobin (Rodriquez-Moreno
and Tarazona, 1994; Russo, 1980; Russo et al., 1981).
Related water quality standards in New York are 20 and
100 mg N m-3 for salmonid and nonsalmonid systems,
respectively. Further, because NOz is an intermediate
in nitrification, occurrences of elevated levels offer an
opportunity to evaluate various features of this impor-
tant biochemical process of the N cycle. Here we docu-
ment inputs of NOi from a domestic waste treatment
facility and tributaries to N poUuted Onondaga Lake
for the 1991 to 1994 period, and concentrations in the
upper waters of the lake for the April to October inter-

Al8ey~ cso. combined Rwer ~r6ow: 00, diAoIved oxy-
gen; I..ML. lower mixed layer; METRO, MetropolitaD SyracuIC
Wastewater Treatment Plant; UML. upper mixed layer; T, tempera-
ture; T -NH), total ammooia.
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val over the period 1989 to 1998. The status of the lake
with respect to a water quality standard for NO:; is
evaluated. A mechanistic mass balance model is devel-
oped and applied to .synthesize input and lake NO:;
data, to delineate intervals over which source and sink
processes for N~- operate, and to estimate the dynam-
jcs of the rates of the first and second stages of nitrifica-
tion. Potential forcing conditions responsible for the
observed in-lake patterns of NO; , and calculated varia-
tions jn rates of nitrification, are evaluated.

the lake. Onondaga Creek (298 km2 watershed) enters
the southern end of the lake. The lower reaches of the
creek drain a si~ficant portion of the city of Syracuse,
NY, and receive inputs of dilute untreated domestic
waste during runoff events via approximately 40 com-
bined sewer overflow (CSO) structures within the city
(Canale et al., 1993). Ninemile Creek (298 km2 water-
shed) empties into the lake on its western shore. Waste
beds associated with soda ash production adjoin the
lower 3 km of this stream. Various pollutants enter the
stream from these industrial deposits, including ammo-
nia (Effler et al., 1991). The headwaters of Ley Creek
are located in wetlands. The watershed (77.4 km2) in
the stream's lower reaches is residential and industrial.
Two CSOs flow into the creek and an abandoned landfill
adjoins the stream near its mouth. Harbor Brook (293
km2 watershed) also enters the southern end of the lake
(Fig. 1). This tributary is often included in water quality
studies of the lake, despite its small flow (-2% of total
inflow), because of elevated pollutant concentrations
(Effler and Whitehead, 19%). Nineteen CSOs discharge
to this stream during runoff events. None of these tribu-
taries are considered trout fisheries in their lower
reaches near the lake. Effluent discharged to the south-
ern end of the lake from the Metropolitan Syracuse
Wastewater Treatment Plant (METRO; Fig. 1; avg. flow
-35 m3 S-I) contributes almost 20% of the annual in-
flow, and often is the single largest input in late summer
(Effler et al., 1996a). The hydrology of inputs to the
lake is well quantified; about 90% of the inflow is contin-
uously gauged (Effler and Whitehead, 19%). Wide sea-
sonal and interannudl variations in tributary flows occur,
while the discharge from METRO is relatively uniform.
Onondaga Lake flushes rapidly; e.g., the average for

ONONDAGA LAKE
Onondaga Lake is located in metropolitan Syracuse,

NY. This hardwater, alkaline lake (Effler, 1996) has a
sudace area of 12 km2, a volume of 131 X 1<1' m3, and
a maximum depth of 19.5 m (Fig. 1). Onondaga Lake
was oligo-mesotrophic before European settlement in
the late 1700s (Rowell, 1996), and supported a cold-
water fishery until the late 1800s (Tango and Ringler,
1996). Currently, the lake is hypereutrophic and se-
verely polluted as a result of inputs of industrial and
domestic waste from the watershed (642 km2, -450 000
people; Effler and Hennigan, 1996). It has been de-
scribed as the most polluted lake in the USA (Onondaga
Lake Restoration Act of 1989; Anon., 1989). The cold-
water fishery has been lost, a number of numerical stan-
dards intended to protect fIShing and contact recreation
resources of sudace waters are violated routinely, and
other features of the ecosystem have been degraded that
are not amenable to representation through numerical
standards (Effler, 1996).

Three natural tributaries-Onondaga, Ninemile, and
Ley Creeks (Fig. 1 )-contribute -70% of the flow into
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Fig. 1. Onondaga Lake and monitored inputs.
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CoACentrations-ofT-NH3 and NO:; in the upper pro-
ductive layers (sum >2 g N m-3) remain well above
levels considered limiting to phytoplankton growth (Ca-
nale et al., 1996; Emer, 1996). Year-to-year differences
in T -NH31evels at spring turnover are largely driven by
interannual differences in dilution provided by tributar-
ies over the previous late fall to spring interval (Effler
et al., 1996a). Subsequent seasonal epilimnetic patterns
in T -NH3 and NO) + Naz- through late summer can
vary year-to-year in response to several factors, but pri-
marily associated with differences in nitrification at
METRO, phytoplankton growth, and lake flushing (Ca-
nale et al., 1996). Concentrations of ammonia in the
lake's epilimnion have exceeded criteria (USEPA, 1985,
1998) to protect against related toxic effects by a wide
margin for substantial portions of the spring to fall inter-
val (Brooks and Effler, 1m; Effler et al., 1m, 1996a).
Nitrification was found to be a minor source/sink pro-
cess for the epilimnetic pools of T -NH] and NO;- +
NOi over the spring to late summer interval (Canale
et ai, 1996). This is consistent with laboratory experi-
ments that found nitrification to be localized at the (oxi-
dized) sediment-water interface of the lake (Pauer,
1996). However, high rates of nitrification were demon-
strated for the upper waters of the lake during the faU
mixing period of certain years, that caused major in-
terannual variations in the pools of T -NH3 and NO) +
NOi (and oxygen) in these layers during this interval
(Gelda et al., 1999). Brooks and Effler (1m) reported
progressive increases in epilimoetic concentrations of
Naz- through late summer in 1988 to more than 0.30 g
N m-3. Concentrations at a depth of 1 m demonstrated a
similar trend in several other years (Effler et al., 1996a).

the 1971 to 1989 interval was 3.7 flushes yr-l (Effler
and Whitehead, 1996).

METRO is the dominant source of P and N to the
lake (Effier et al., 1996a). The prevailing areal annual
load of P from the facility (-5 g m-x yr-l) represents
about 60% of the total; this input is responsible for the
lake's hypereutrophic condition (Effler et aI., 1996a).
Manifestations of hypereutrophy in the lake include

. severe phytoplankton blooms (Effler, 1996), poor clarity
(Perkins and Effler, 1996), rapid loss of dissolved oxygen
(DO) from the hypolimnion (Effler et aI.,1996a), subse-
quent hypolimnetic accumulations of reduced by-prod-
ucts of anaerobic metabolism (hydrogen sulfide, meth-
ane, and ammonia), and oxygen depletion in the upper
waters during the fall mixing period associated with the
oxidation of these by-products (Addess and Effler ,1996;
Effler et aI.,1988). A large fraction of the fish population
of the lake exits to the river (Fig. 1) during the period
of depressed DO in fall (Tango and Ringler, 1996).
Oxygen concentrations in the upper waters (Effler,
1996) remain above levels considered limiting to the
nitrification process (Bowie et al~, 1985).

The METRO discharge represents 60, ~, and 80%
of the total annual external loads of NO) + NOi , total
ammonia (T -NH3; defined as sum of NHt and NH3),
and total N, respectively (Effler et aI.,1996a; Effler and
Whitehead, 1996). Loads of NOi from the facility and
tributaries have not been comprehensively addressed
previously. Substantial nitrification is achieved within
METRO during the warmer months, which causes sea-
sonal shifts in the contributions of T -NH3 and NOi +
NOi to the facility's N load, though large interannual
differences in the timing and extent of nitrification have
been observed (Effler et al., 1996a). Denitrification is
not achieved within METRO.

Temporal and spatial distributions of T -NH~ NHJ,
and NO) + NOi for Onondaga Lake have been de-
scribed for several years in the literature (Brooks and
Effler, 1990; Canale et al., 1996; Effler et aI., 1990,
1996a). However, descriptions of the patterns for
NOi" for the lake have been more limited (Brooks and
Effler, 1990; Effleret al., 1996a). Certain of the temporal
features of the patterns of forms of N have strong inter-
play with the dynamics of the stratification regime. Con-
centrations of NOi and NOi have decreased progres-
sively in the hypolimnion with the onset of anoxia, and
are eliminated by midsummer, as a result of the opera-
tion of the denitrification process (Brooks and Effler,
1990; Effler, 1996). The progressive increases of ammo-
nia concentrations in the hypolimnion (Brooks and Ef-
fler, 1990; Canale et al., 1996; Effler, 1996) are largely
due to release from the underlying sediments (ammoni-
fication; Wickman, 1996). The maximum volume-
weighted hypolimnetic T -NH) concentration observed
annually, before the onset of fall mixing. approaches
5 g N m-3 (Effler, 1996). Vertical patterns for these
constituents in the hypolimnion reflect localization of
source/sink processes within the sediments (Gelda et
aI., 1995); i.e., NO) + N~- has been depleted first, and
maximum T -NH3 concentrations (e.g., >7 g N m-J) have
been measured, in the deepest layer(s).

METHODS
Input Concentrations and Loads,

and Lake Measurements

Estimates of mass loading rates of NO:; and NO] tosupport
mass balance model analyses for the 1991 to 1994 interval
were based on flow and concentration data collected by three
different monitoring programs (e.g., Effler and Whitehead,
1996): (i) tributary flow measurements made by the U.s. Ge0-
logical Survey (USGS), (ii) effluent flow and NO] concentra-
tions measured at METRO as part of the facility's permit
requirements, and (iii) measurements made by the authors of
NO:; in the tributaries and METRO efflumt, and of N~- in
the tributaries. Concentrations of NO] in the METRO efflu-
ent were measured (APHA, 1992) once every 2 wk on daily
flow-weighted composite effluent samples by the facility's per-
sonnel. Grab-type samples collected once every 2 wk from
locations near the mouths of Onondaga Creek, NinemiJe
Creek, Ley Creek, and Harbor Brook (Fig. 1) were analyzed
for NO] + NOi: and NO:; (USEPA, 1983); the concentration
of NO; was determined by difference. Aliquots of the daily
flow-weighted composite samples collected at METRO were
analyzed for N~- at different frequencies over the interval;
e.g., 2 d mo-1 in 1991 and 2 d wk-' in 1994. The detection
limit for all NO:; measurements in this investigation was 10
mg N m-J. Tributary concentrations of NO:; for 1994 were
represented here as the average of values measured in 1991,
1992, and 1993 to support loading calculations.

Loads 'of NOi: and NO] were calculated at a daily time-
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step for the 1991 to 1994 interval to support the mass balance
model analyses (described subsequently). Daily estimates for
METRO were the product of daily flows and daily concentra-
tions. Effluent concentrations for days without measurements
were estimated by time interpolation (e.g., Canale et al., 1996;
Effler et al.. 1996a; Effler and Whitehead, 1996). Tributary
daily loading estimates were made using FLUX (version 4.4,
1990).. loading analysis software developed by Walker (1987).

The lake was monitored weekly (at midmorning) over the
April to October interval for the period 1989 to 1998, at a
buoyed deep water (-19.5 m) location (Fig. 1) in the lake's
southern basin. found to be representative of lake-wide condi-
tions (Effler. 1996). Field measurements of temperature (T)
and pH were made (Hydrolab Surveyor 3) at depth intervals
of 1 m. Samples for laboratory analyses of T -NH), NO) +
NO! , and NOi (USEP A, 1983) were collected at depth inter-
vals of 1 to 2 m. Results of NOi measurements are presented
for the entire 100yr monitoring period. Paired distributions of
T -NH) and NO) are presented here only for the 1991 to 1994
interval. to describe typical patterns for the lake, and support
mass balance modeling analyses to estimate temporal distribu-
tions of the rates of the first and second stages of nitrification.
Concentrations of NH) were calculated for the upper waters
of the lake for the 1989 to 1998 period from the paired mea-
surements of T-NH). pH. and T, according to protocols pre-
sented by Effler et al. (1990; also see Emerson et al.. 1975;
Messer et al., 1984).

tions, since this pool is unaffected by concentrations of
NO"i and NO). The kinetics of both stages of the nitrification
process are represented as first-order water column-based re-
actions. Other mechanistic water quality models have lumped
the two stages together (i.e., one kinetic coefficient and
NO) + NO"i), and most have represented the overall process
by first order water column kinetics (e.g., Bowie et al., 1985;
Brown and Barnwell, 1985; DiToro and Connolly, 1980;
McCutcheon, 1987; Scott and AbumoghIi, 1995; Thomann and
Mueller, 1987). However, the results of a number of scientific
investigations indicate nitrification is often localized at sedi-
ment surfaces (Cavari, 1977; Cirello et al., 1979; Cooper, 1984;
Curtis et aI., 1975; Hall, 1986). The water column representa-
tion (vs. sediment-based) for Onondaga Lake is supported by
evidence recently presented by Gelda et al. (1999). Denitrifica-
tion is localized at the sediment-water interface in the hypo-
limnion (Brooks and Effler, 1990; Effler, 1996; Seitzinger,
1988) and is represented as a sediment-based process in the
model (e.g., Canale et aI., 1996).

The mass balance equations of the model for the UML and
LML are presented below.

V1~ = WNO2 - Q[NOi1 + v.Ai([N~-1
dt

- [N~]J + k.t[T -NHJJ. VI

- kaz[N0z-J. VI [3]

+ k..[T-NH31V2 - ~(No:;1V2 [4]

- Q[N0i1 + V.A;([NOi1d(N~-1 = WNO3
VI dt

- [N0i1) + ~[No;1V1 [5)

Modeling
A mass balance model for NO"i and NO; was developed

to assess temporal patterns in the rates of the first and second
stages of nitrification in the epilimnion of the lake. The mass
transport framework of the model consists of two completely
mixeri v~rticallayers of fIXed dimensions (demarcation depth
of 85 m)-an upper mixed layer (UML) and a lower mixed
layer (LML), corresponding approximately to the dimensions
of the epilimnion and hypolimnion in summer (Effler and
Owens, 1996). This type of representation has been widely
used in mass balance simulation models for stratifying lakes
(Chapra, 1997; Thomann and Mueller, 1987), and in other
water quality models for Onondaga Lake (Canale et aI.,l996;
Doerr et ai.. 1996; Gelda and Auer, 1996). The velocity of
mass transport between the two layers (v,; m d-l) associated
with vertical mix.ing processes was estimated by applying a
heat (temperature) balance to the LML (Doerr et aI., 1996).
These calculations were performed iteratively until the time
series of v, resulted in a match between the observed and
calculated values of T (Doerr et al., 1996).

The kinetic framework of the model includes NO"i and
NO) as state variables. Kinetic processes are limited to nitrifi-
cation and denitrification. Nitrification requires aerobic condi-
tions, thus limiting the process mostly to the epilimnion
(UML) of Onondaga Lake (Canale et aI., 1996), while denitri-
fication operates under anoxia that prevails for most of the
summer in the hypolimnion (LML; Effler, 1996). Denitrifica-
tion is included to simulate the observed loss of NO) +
NO"i from the LML after the onset of anoxia, and thus concen-
tration gradient-driven losses from the UML mediated by v,
(e.g., Jassby and Powell, 1975; Wodka et al., 1983). A sink
process for these pools associated with phytoplankton uptake
was not included. This simplification is supported by the high
concentration of T -NHJ maintained in the productive layers
of the lake (Brooks and Effler, 1990; Canale et aI., 1996),
which is the form preferred for groWth for energetic reasons
(Wetzel, 1983). Rather than modeling T-NH3. the temporal
patterns of this form are specified according to the observa-

- ~[NO3]~i [6]

where subscripts 1 and 2 = UML and LML, respectively Ai =
area of the interface between the UML and LML (m2) 1.1 =
first stage nitrification rate constant (d-') k02 = second stage
nitrification rate constant (d-') k. = denitrification rate con-
stant (m d-') [T -NH3], [N0i], and [NOJ] = layer volume-
weighted average concentrations of T -NH3. NO}, and NOJ
(g N m-3) Q = total outflow (m3 d-') t = time (d) V = layer
volume (m3) WMn and WNW = loading rates of NO} and
NO) (g N d-').

Equations [3] to [6] were solved numerically using an Euler
integrator (Olapra and Canale, 1988), with a time step of 1 d,
to obtain time variable output of [NO}"] and [NO)]. Morpho-
metric inputs (Ai, VI, and VJ were obtained from available
hypsographic data (Effler, 1996). Extemalloading inputs are
received by the UML and water is exported from the UML
(Owens and Effler, 1996). The lake's outflow (Q) is assumed
to equal the sum of the inflows (Canale et al., 1996). Tempera-
ture effects on rates were accommodated according to an
Arrhenius relationship:

kx.T = kx.20 X 9(T-3I) [7]

where kx.T and kJ.31 are values of nitrifica~on ra!C coefficients
at temperatures T and 2OOC, and e i.s a dlmeD5!onIess coeffi-
cient. A value of e = 1.(H) was ~ed (BoWIe et aI., 1~;
Canale et al., 1996).
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A single value of k,.. was determined for the LML for each
of the years of the 1991 to 1994 interval through calibration.
This assumes that N~-, an intennediary in the denitrification
process (Wetzel, 1983), was lost at the same rate as NO; , an
appropriate assumption given the focus of this analysis on the
pools of the UML Temporal patterns in k.1 and ~ were
resolved for the UML by an iterative calibration procedure
to match the observed temporal patterns of NOi and NO; .
Simulations assuming conservative behavior for these constit-
uents (i.e., k.1 = ~ = 0) were conducted to depict the impor-
tant role of extemalloading. and identify intervals of nitrifica-
tion and imbalances in the rates of the two stages.

100

50

0

50

RESULTS AND DISCUSSION

Lake Inputs

Concentrations of NO; in three of the four tributar-
ies--NinemiIe Creek, Ley Creek, and Harbor Brook-
were often substantially above the detection limit (10
mg N m-J) during the 3 yr of stream monitoring (Table
1). Prevailing concentrations in these streams are consis-
tent with values considered indicative of contaminated
systems elsewhere (Barica, 1990; Meybeck, 1982; Smith
et al., 1995, 1997a). Levels in Onondaga Creek were
substantially lower by comparison, often below the de-
tection limit of measurement (Table 1). Concentrations
were higher in the warmer months (June-October) in
the contaminated tributaries (Table 1; e.g., Fig. 2). Aver-
age concentrations for the 3 yr of measurements (1991,
1992, and 1993) for the June to October interval were
17,39, and 46 mg N m-J,for Harbor Brook, Ley Creek,
and Ninemile Creek, respectively. Violations of the non-
salmooid standard for NO%" were documented on four
occasions in Ninemile Creek during the 3 yr of measure-
ments. The seasonality of NO:; concentrations observed
in the contaminated tributaries suggest microbially me-
diated production of Naz-, as nitrification (and denitrifi-
cation) operates more rapidly at higher temperatures
(e.g., Bowie et al., 1985). The general seasonal pattern
apparently was further modified by natural variations
in stream floW; NOi concentrations in the three contam-
inated tributaries tended to be higher at low flows (e.g.,
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Fig. 3. Evaluation of the relationship between NO;: concentration

and Row in Ninemile Creek for the June to October interval of
1991 to 1993. according to . dilution model (i.e.. conc. vs. the
inverse of stream Row).

Fig. 3). Relationships of this form (Fig. 3) suggest the
dilution of sources (of T -NH), if nitrification is the pri-
mary source process) within these watersheds by runoff
(e.g.. Effler et aI.. 1996b; Manczak and Aorczyk.1971).
The high concentrations of NO} in Ninemile Creek may
reflect the elevated T -NH) load received from the
wastebeds (Fig. 1; Effler et al., 1991). Elevated NH)
concentrations in this stream (Effler and Whitehead,
1996) may have inhibited the second stage of nitrifica-
tion (e.g., Anthonisen et aL. 1976). The high concentra-
tions of NO:; measured in Harbor Brook are consistent
with the elevated concentrations reported for this
stream of other constituents common to domestic waste
(Effler and Whitehead. 1996). The origins of NO} in
Ley Creek are more uncertain. Leachate from a landfill
and partial nitrification of T -NH) released from earlier
organic deposits (Effler and Whitehead. 1996) may be
responsible.

Nitrite concentrations in the METRO effluent were
also much greater in June to September (Table 1; e.g.,
Fig. 4a) associated with the seasonal operation of njtrifi-
cation and no denitrification within the facility (Effler
et aI.. 19968). Nitrification during January to May and
October to December is very low. The operation of
this biochemical process has been clearly manifested as
coincident and approximately stoichjometric increases
in N~- + NO} (Fig. 4b) and decreases in T-NH) (Fig.
4c) in the warmer months (decrease in T -NH) in March
and April reflects dilution effect of high runoff inputs
received by the facility; Fig. 4d). The extent and timing
of nitrification in the facility has varied greatly year-to-
year since the late 1980s. For example, nitrification was
generally less complete and was achieved for a shorter
duration in 1994 (Fig. 4) compared with 1988 and 1989
(Effler et al., 19968). Nitrite has represented a substan-
tial fraction of the effluent NO) + NO} during the
nitrification intervals (e.g.. Fig. 4a and b). In 1994
N~- was 23% of the NO) + N~-load from the facility
during the June to October interval. The avera~e con-
centrations of NOi in METRO's effiuent dunng the

June to October interval of 1991, 1992. and 1993 were
more than an order of magnitude greater than in the
contaminated tributaries (Table 1). High NO;: concen-
trations are widely encountered in biological treatment
of domestic waste as a result of incomplete nitrification
(Balmelle et at. 1~ Rols et al.. 1994; Suthersan and
Ganczarczyk. 1986). The high concentrations in the
METRO effluent may reflect the transient effect of mul-
tiple initiations of nitrification and/or inhibition of the
second stage (e.g., high NH3 concentrations; Anthonisen
et al.. 1976; BalmeUe et at, 1992; Rols et at. 1994; Suth-
ersan and Ganaarczyk, 1986; Turk and Mavinic 1989)

METRO hasdo~ted-::cthe external loadin of
No;tOo~~~~~i'~~q~ble 2) because of the t!;uch

," c.-!!:';~~.~:

~
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Table 2. The NOi, NO; ,and NO) + NOiloading from METRO
and tributaries to Onondaga Lake for April-October period
for 1991-1994.

y- s-.. ,.,. NO; NO; + ---
- - - -~-

t_N
S2.9
U

S5.6
52.9
M

56.2
2L9
2.3

24.3
aa

%
9S.8
5.0

100

94.0
6..

100

90.4
9.6

100

a-N
165.7
101.6
267.3
71.7

156.1
m.s
5t.8
58.1

109.9
M

%
62.8
38.8

181

3L4
68.6

100

47.1
52.9

1"

t_N
218.6
104.4
3Z3.t
124.6
168.1
284.7
73.7
60.5

134.2
111.1

METRO
Tributaries
T""
METRO
Tributaries
To'"
METRO
TriJat8ries
Total
METRO

1991

1992

1993

. U94 -~~i!-

higher concentrations found in the effluent compared
with the tributaries (Table 1). This source represented
more than ~% of the load in each of the 3 yr (1991.
1992. and 1993). during the April to October interval
(Table 2), the period of primary concern for water qual-
ity in the lake (Effler. 1996). The time series of loads
from METRO (Fig. 4e) tracked closely the distribution
of concentrations (Fig. 4a) because of the relative uni-
foTDlity of the effluent flow over the interval of high
effluent concentrations (Fig. 4d). Interannual variations
in nitrification at METRO are manifested as year-to-
year differences in the NO) + N~- load from the facil-
ity (Table 2). The METRO load of NOi has not been
tightly coupled to its NO:;: + N~- load, indicating wide
interannual differences in the completeness of nitrifica-
tion. For example. N~- was about 25% of the METRO
NO; + NOi load in 1991, but more than 40% in 1992
(Table 2). The NOi loads from METRO were substan-
tially greater in 1991 and 1992 than in 1993 and 1994
(Table 2). Under the input conditions documented for
1991 to 1993. the total extemalload of NOi to the lake
can be rather well specified by measurements of N~-
at METRO and adoption of average concentrations for
the tributaries (e.g., 1991-1993; Table 1). The METRO
1994 NOi data set (highest frequency monitoring) was
manipulated to evaluate the influence of monitoring
frequency on the representativeness of annual load esti-
mates from this dominant source. Reductions in fre-
quency from twice per week to weekly, biweekly, and
monthly caused percent differences in this load of 0.6,
4.9. and 7.4%. respectively.

to values observed later in the study interval (Fig. 5).
These differences in part reflect interannual differences
in dilution of the METRO input associated with natural
variations in tributary flow over the preceding winter
through March interval Generally, progressive in-
creases in N~- have been observed annually through
at least June, and usually July (Fig. 5). Two different
types of patterns have occurred over the midsummer
through October interval. Rather smooth and progres-
sive patterns emerged in 3 yr [1992 (Fig. Sd), 1994 (Fig.
5!), and 1998 (Fig. 5j)]. In sharp contrast, abrupt changes
in the NO;: pool of the upper waters (e.g., >100 mg N
m-3, over a 7-d period) were observed in this interval
in the other 7 yr (Fig. 5a, b, c, e, g, h, and i). Multiple
peaks occurred in 5 of these years. Peak concentrations
exceeded 500 mg N m-3 in 6 yr. The highest maximum
was -1<XX> mg N m-3 in early October of 1993 (Fig. Se).
Concentrations remained <250 mg N m-3 in the 3 yr
without abrupt changes (Fig. Sd, f, and j).

The concentrations of N~- reported here for Onon-
daga Lake are the highest we encountered for lakes in
review of the literature, except for values measured
proximate to domestic waste discharges in Hamilton
Harbour, Lake Ontario (Barica, 1990). These conditions
represent severe violations of New York water quality
standards (Table 3, Fig. 5). The maximum margin of
violations (quotient of maximum observed and the stan-
dard) within the monitored interval of each year ranged
from 1.9 (1992) to 10 (1993). The documented duration
of violation exceeded 100 d in 8 of the 10 yr (Table 3).
Violations undoubtedly extended beyond the monitor-
ing interval in nearly all the years of the study (Fig. 5).
The average margin of violation (average of quotients
of observed and the standard) over the interval of viola-
tions ranged from 15 (1992 and 1998) to 32 (1993;
Table 3).

A number of materials have been identified as miti-
gating against the toxic effects of NOi (Lewis and Mor-
ris, 1986). The strongest documented interaction is for
a- (Lewis and Morris, 1986; Russo and Thurston,
1977). Onondaga Lake is unusually rich in Cl- (-400
mg m-3), as a result of industrial and natural inputs
(Doerr et al., 1994; Effler et al., 1996b). Application of
an empirical relationship developed to adjust N~- tox-
icity results for the a- mitigation effect (Lewis and
Morris, 1986), for the a- concentration of Onondaga
Lake, indicates the documented NOi levels (Fig. 5)
would not be toxic. However, this interpretation should
be considered highly uncertain because the relationship
was extended in this case, beyond the upper bound of
a- incorporated in its development (Lewis and Morris,
1986). The New York state standard{s) for NOi pres-
ently does not consider mitigating effects, including a-.

Lake Concentrations

Temporal patterns of NOi and NHJ concentrations
in the upper waters (UML) of Onondaga Lake for the
ApriJ to October interval are presented here for 10
consecutive yr as volume-weighted concentrations (Fig.
5a-j). Relatively minor vertical differences in NO:z- were
observed within these layers, as illustrated for 1991 (Fig.
Sc). Certain features of the temporal pattern have been
recurring, particularly over the first half of the April to
October interval, while major interannual differences
have occurred over the second half of the interval. Initial
concentrations of NO;: in April have been in the range
of 20 to SO mg N m-3; a rather narrow range relative

Modeling
Model simulations of NOi that treat this constituent

as a conservative substance (i.e., no reactions) are com-
pared here to the observed distributions for the UML
for each of the 4 yr of the 1991 to 1994 period (Fig.
6a-d). The analysis is valuable in identifying intervals

NO;

%
67.7
31..3

1M
43.8
S6.2

1"
54.9
45.1

100



1512 J. ENVIRON. QUAL. VOL 28. SEPJ'EMBER-OC"TOBER 1999

of the operation of source and sink processes and the
relative effect of these reactions on the N~- pool. The
conservative simulations closely tracked the observa-
tions over the April to July interval of 1991, 1992, and
1993, but underpredicted concentrations over this inter-
val in 1994 (Fig. 6a-<J). Apparently N~- behaved con-
servatively in the UML in most years over this interval.
The alternate explanation, that sink/source processes
are in balance throughout the interval, is unrealistic.
Thus, the progressive build-up of NO:;: in the upper
waters of Onondaga Lake during this interval is driven
by the METRO load, as modified by lake flushing/ex-
port and losses to the hypolimnion via vertical mixing.
The deviations from conservative behavior over this
interval in 1994 (Fig. 6d) indicate the source of NO:;:
(first stage of nitrification) exceeded the sink (second
stage of nitrification) until late July, when the rate of
the second stage apparently became greater. However,

these deviations from conservative behavior in 1994
were modest compared with those observed for the mid-
summer through October interval of 1991 (Fig. 6a) and
1993 (Fig. 6c). The effects of in-lake reactions in these
years were dominant. Increases/decreases in the lake's
NOz pool over brief intervals (1-2 wk) were greater in
several instances in these.2 yr than the cumulative pro-
gressive increases observed from the METRO dis-
charges during the April to July interval. These fluctua-
tions in the Naz- pool reflect imbalances in the rates of
the first (k..) and second (k.z) stage of nitrification. The
abrupt peaks in late September and early October in
1991, and in August through early October of 1993,
reflect intervals of k.J > k.z, foUowed by k.z > k.J
(Fig. 6a).

Much lower concentrations of NOZ would have been
observed in the lake, at least through midsummer, in
the absence of the METRO load. A conservative simula-

A M J J A S 0 A M J J A S 0
"'11- 5. 11me-series 01 vol..e-weipted ."ef8&e NO} 8Dd NH) to.cefttntioas i8 the UML 01 ~ L8ke lor .. Apri to ()ctGiIeI' i8ten.a

0118 Y1': (a) 1989, (b) 1990, (c) 1991, (4) 1992, (r) 1993, (/) 1994, (g) 1995, (') 1996, (I) 1997," (j) ~
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1.3
1.5
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2.1
2.1
1.5

5.1
5.1
5.3
1.9
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2.3
5.1
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t QDOtie8t or maximum observed NO; NO; "8Dd8rd.
* Avenge or quotients or obIened NOz- 8d NO; 1t8Dd8rd.

NOi concentrations by the conservative case over the
same interval (Fig. 6d).

The modeling analysis demonstrates that the distinct
seasonal and interannual differences observed in pools
of NO) and particularly NO; in Onondaga Lake over
the July to October interval (Fig. 5 and 7) have largely
been the result of differences in the magnitudes and
temporal patterns of the first and second stages of nitrifi-
cation. The unusually large pool of T -NH) maintained
in the lake by the METRO discharge (Table 2; Canale
et al., 1996) has promoted the large fluctuations in
NO;: levels. Under these conditions, k.. must exceed
k.z for only a short interval and by only a small margin
to cause these variations (Fig. 7). On an averaged basis,
the paradigm that the first stage of nitrification is lim-
iting (i.e., ~ > k.,; e.g., Klapwijk and Snodgrass, 1982)
has been generally supported by this analysis. However,
the very distinct peaks of NO;: concentration measured
in September and October of 1991 (Fig. 7c) and in Au-
gust and early October of 1993 (Fig. 7k) can only be
explained, within the constraints of mass balance, by
intervals in which k.1 approached or exceeded k.z (Fig.

tion of the model with the METRO input eliminated
(e.g., diversion of the discharge) predicted a peak
NO;: concentration of 21 mg N m-3 for the conditions
of 1991 (Fig. 6a).

The unusually large pools of NO;: and NO) -and
the documented dynamics for these pools (Fig. 5 and
7)-that have prevailed in Onondaga Lake have offered
a rare opportunity to resolve and quantify the operation
of the two stages of the nitrification process through
application of a mass balance model (Fig. 7a, e., i, and
m). The two stages have not been comprehensively re-
solved previously for surface fresh waters. The findings
for the selected 4 yr (1991-1994) are expected to be
generally representative of the entire study period as
conditions (e.g., pool sizes and dynamics) for this subset
of years generally bracket those observed over the 10
yr of measurements (e.g., Fig. 5). Resolution of temporal
patterns in nitrification rates (k.1 and ka2) is limited by
the frequency of lake measurements (weekly). The de-
termined time-series of k.1 and ka2 resulted in a high
degree of calibration for both NO;: and NO) (Fig. 7).
The slight overpredictions of NO; in the fall of 1992
(Fig. 7h) and 1994 (Fig. 7p) may reflect utilization of
this form of N by phytoplankton and/or overestimation
of loads of this constituent during these intervals. These
modest short-comings had very little effect on the deter-
minations of k.1 and ka2 for these same intervals. This
mass balance model analysis depicts widely different
temporal patterns in k.1 and k.z in the upper waters of
the lake during the 1991 to 1994 interval (Fig. 7a, e, i,
and m).

No nitrification occurred for the April to June interval
of 1991 (Fig. 7a) and 1993 (Fig. 7i). Nitrification in this
interval in 1992 (Fig. 7e) and 1994 (Fig. 7m) was limited
to the first stage, and rates were very low (e.g., 0.<XX>1-
0.001 d-l) relative to those determined for both stages
for the July to October interval of 1991 (Fig. 7a; 0.01-0.7
d-l) and 1993 (Fig. 7i; 0.01-0.8 d-J). The very low magni-
tude of k.J determined for the April to July interval of
1992 cannot be differentiated from a value of zero, as
even the modest level of uncertainty in the METRO
load associated with sampling frequency could explain
this result. In contrast, the operation of the tint stage
of nitrification in June and July of 1994, in the absence
of the second stage (Fig. 7m), is rather cenain. This
activity was responsible for the underprediction of~
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7a and i). These results (Fig. 7) support the findings of
Smith et aI. (l997b), based on mass balance modeling
for a soil system. that the rate of the first stage has to
exceed the second stage rate by only a small margin for
NO:; to accumulate. Rates of nitrification were the high-
est in the September to October interval of 1991 and
1993, a period that included rapid deepening of the
epilimnion and the onset of complete turnover (Effler
and Owens, 1996). Coincident signatures from the oper-
ation of this (sink) process were imparted to the T -NH3
pool in both years as conspicuous depletions (Fig. 7b
and j). In contrast, major increases in T -NH3 occurred
in the UML over the same interval of 1992 and 1994
(Fig. 7f and n), when nitrification rates were much lower
(Fig. 7e and m), largely in response to entrainment of
the enriched hypolimnion (Brooks and Effler, 1990;
Gelda et aI., 1999).

ments-the spring to midsummer (e.g., April-mid-July)
and midsummer to fall turnover (e.g., mid-July to end
of October) intervals. During the fITSt interval Naz-
behaves in a nearly conservative manner; i.e., there is
essentially no, or very little, nitrification affected within
the upper waters of the lake. There are two prominent
potential explanations for this behavior, a lack of ade-
quate nitrifier populations to affect these large pools of
T -NH3 and N~- + Naz-, and inhibition of the nitrifica-
tion process.

System-specific measurements (Pauer, 1996) and re-
sults reported for other lakes and deep rivers support
the position that nitrification rates for these systems are
extremely low, because of relatively low concentrations
of nitrifier biomass. Pauer (1996) observed essentially
no nitrification in water column samples collected in
summer from Onondaga Lake, but measured rather
high rates for the sediment-water interface in deep strat-
ified (hypolimnetic) portions of the lake (under oxic
conditions). Pauer's (1996) position, that nitrification in
the lake was localized at the sediments (in aerobic lay-
ers), was supported by enumeration of nitrifying bacte-
ria; densities of -101 and -1OS cells mL -I were reported
for the water column and surface sediments, respec-
tively. The results of a number of scientific investiga-
tions support the position that nitrification is usually
localized ~t sediment surfaces (Cavari, 1m; Cooper,

Nitrification
The determinations of kill and k02 presented here have

provided a quantitative description of the operation of
the two stages of nitrification in Onondaga Lake. Cer-
tain of the features manifested for this polluted system
may be broadly representative for lakes. It is valuable
to consider the results presented here of two general
types, corresponding approximately to two time seg-

~~~~~~~:::::I (h). ~~~
will ~ and "*'- ~ s8IWJI8tion i
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other lentic systems during turnover (Cavari, 1977; Ro-
barts et al.,1982). These observations and the Onondaga
Lake results may reflect the entrainment of resuspended
bottom sediment enriched (e.g., Pauer, 1996) with nitri-
fying bacteria. Nitrifier biomass may also be contributed
via the METRO discharge over this interval.

The driving forces for the irregularity of the occur-
rences of the nitrification events and their characteris-
tics, including the erratic changes in the NO; pool, re-
main uncertain. The potential influences of interannual
differences in NH) concentrations during this interval
(Fig. 5) cannot be discounted. However, these differ-
ences probably reflect the effects of irregular occur-
rences of nitrification rather than the cause. Interannual
differences in the details of vertical mixing over this
interval (Owens and Effler, 1996) may contribute to
the observed variations, perhaps by supplying variable
amounts of nitrifier biomass attached to resuspended
sedimenL The strong variations in the rates of the first
and second stages of nitrification, and the resulting
NO; pool size (Fig. 7), can be described as transient
behavior. The nitrification process apparently does not
come into an equilibrium in the upper waters of Onon-
daga Lake (e.g., temporal uniformity in k." k.2, and
NO; concentrations). Such transient behavior (ie., ir-
regular occurrence of high concentrations of Naz-) is
widely observed in nitrification treatment units during a
start-up interval, before a balanced microbial population
develops (Anthonisen et al., 1976; Neetbling et al.,
1997).

Nitrifying bacteria have an affinity for surfaces (Sta-
ley, 1989). Losses c! riitrifier biomass that reaches the
upper layers via deposition continues to work against
the development of equilibrium conditions in a lake.
Particle associations of these bacteria thus become criti-
cal to the development of high concentrations of bio-
mass (e.g., attached to low density particles). Such char-
acteristics may vary greatly and thereby contribute to
the observed fluctuations in NO; and rates of nitrifi-
cation.

Summary/Management Considerations

Contamination of three tributaries of Onondaga Lake
with high concentrations of NOi has been documented.
However, more than ~% of the NOi load into the lake
has been received from METRO, associated with the
incomplete nitrification in the faCility. Progressive in-
creases in NO:; concentration, to levels exceeding the
nonsalmonid standard for New York, occurred annually
in the upper waters of the lake over the spring to mid-
summer interval for the period 1~ to 1998. These
increases have reflected the near conservative (nonreac-
tive) behavior of this constituent in the lake. In contrast,
much more erratic patterns ofNOi concentrations (e.g.,
abrupt peaks) have been observed in the lake over the
midsummer to early fall interval of most years in re-
sponse to the irregular occurrence of nitrification events.
Unusually high lake concentrations ofT -NH) have pro-
moted these events, but the identity and role of other
driving conditions for these erratic patterns remain un-

1984; Cuello et aI., 1979; Curtis et aI.,1975; Hall, 1986).
This loca1ization is consistent with the observation that
nitrification rates in lakes and deep rivers are low rela-
tive to rates in shallow turbulent streams (Bowie et al.,
1985; Chapra, 1997; CueUo et aI., 1979, Pauer, 1996).

Various constituents may inhibit the nitrification pro-
cess (Anthonisen et aI., 1976). Values of pH remained
somewhat above neutral and outside of the range con-
sidered inhibiting to nitrification (Bowie et aI., 1985).. Free ammonia has received the most attention as an

inhibiting substance contributing to the accumulation
of NO:; in both waste treatment (e.g., Balmelle et al.,
1992; Rols et aI., 1994; Suthersan and Ganczarczyk,
1986; Turk and Mavinic, 1989) and surface water (e.g.,
Barica, 1990; Smith et al., 1995, 1997a) systems. The
findings of Anthonisen et al. (1976), based on observa-
tions for waste waters, are most widely referenced as
establishing NH3 concentration ranges over which inhi-
bition of nitrification is to be expected. The potential
role of NH3 in influencing the dynamics of N~- concen-
trations and nitrification deserves attention for this sys-
tem, because of the rather high concentrations of NH3
that occur (Fig. 5; Brooks and Effler, 1990; Effler et
aI., 1990, 1996a) as a result of the METRO discharge
(Canale et al., 1996).

Indeed, high concentrations of NH3 occurred annually
over the study period (particularly over the April to
mid-July interval), and substantial nitrification (first and
second stages) was not observed until NH3 decreased
(Fig. 5). Superficially, these conditions suggest the p0-
tential for an inhibiting effect of NH3 in Onondaga Lake.
However, additional considerations indicate this was
probably not the primary factor responsible for the near
absence of nitrification over the spring to midsummer
interval. The second stage of nitrification is much more
susceptible to inhibition than the first stage; Nitrosomo-
nos does not become inhibited until concentrations of
NH3 reach 10 to ISO g N m-3, while Nitrobacter becomes
inhibited at concentrations in the range 0.1 to 10 g N
m-3 (Anthonisen et aI., 1976). Concentrations of NH3
in the upper waters of the lake were well below the
threshold of inhibition for the first stage of nitrification,
and exceeded the threshold for the second stage on only
several occasions (Fig. 5). Further, acclimation of
N~- oxidizers to NH3 has been reported in waste water
studies (e.g., Turk and Mavinic, 1989). If inhibition of
the second stage prevailed, in the presence of adequate
biomass of Nitrosomonos, greater accumulations of
NO:; (beyond the observed nearly conservative behav-
ior) would have occurred. It seems more likely that the
near absence of the effects of nitrification in the upper
waters of the lake over the spring to midsummer interval
reflects a lack of nitrifier biomass.

The increased vertical mixing that attends the ap-
proach to faU turnover (Wetzel, 1983) may be critical
in supporting the irregular occurrences of nitrification
that have been reported here for the midsummer to fall
interval (Fig. 5 and 7). This mixing is clearly manifested
by the progressive deepening of the epilimnion observed
during this interval (e.g., Effler and Owens, 1996). In-
creased nitrification has been reported for at least two
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certain. Temporal patterns of the rates of the first and
second stages of nitrification responsible for the ob-
served patterns of N~- (and N~-) have been resolved
through the application of a mechanistic mass balance
model.

METRO is responsible for the very hjgh N~- concen-
trations, and violations of the related water quality stan-
dard for nonsalmonid fisheries, documented here for
Onondaga Lake. The progressive increases observed
over the April to July interval annually, to levels ex-
ceeding the standard, have been almost entirely the
result of loads of NO; received from the facility. The
extremely large pool of T -NH) maintained in the upper
waters of the lake are a result of METRO discharges
ofT -NH) and P. The T -NH)load from the facility largely
drives the lake's pool through late summer, while the
P load promotes sediment release of T -NH) (a manifes-
tation of cultural eutrophication) that augments (via
vertical mixing) external inputs during the fall mixing
period. Further, the possibility that this facility may
promote the occurrence of nitrification events through
the irregular discharge of njtrifier biomass cannot be dis-
counted.

Managers plan to add increased nitrification treat-
ment at METRO, with an interim effluent T -NH) goal
of 33 g N m-) in winter and 1.65 g N m-) in summer,
and a final goal of 2 g N m-) in winter and 1 g N
m-) in summer. Major reductions in P loading from the
facility are also planned. No effluent limits for N~-
have been set for the upgraded facility. Increased treat-
ment at METRO can reasonably be expected to ame-
liorate the lake's NO; problems. However, these ex-
pectations remain unquantified; e.g., whether the
nonsalmonid standard will be met in the upper waters
remains unknown. This uncertainty reflects uncertainty
in the future NO; concentrations of the effluent and in
the forcing conditions for the late summer/early fall
nitrification events. Decreases in the T -NH) pool should
cause the N~- peaks to diminish. The extent to which
the fraction of the pool associated with sediment feed-
back will be reduced in response to the planned reduc-
tion in P loading remains uncertain. Inputs of NO; from
the facility over the spring to midsummer interval (and
perhaps earlier) following increased nitrification treat-
ment remain a concern because of the nearly conserva-
tive in-lake behavior documented here. Incomplete ni-
trification within the facility for extended periods. or
transients in perfonna~ (e.g., start-ups after process
upsets), could cause substantial inputs of NO2 and asso-
ciated increases in lake concentrations.

I
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